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The Arkansas River is one of the most saline rivers in the United States. Substantial water pumping in the Upper 
Arkansas Corridor region has triggered a chain of hydrological impacts, including significant groundwater decline, 
the conversion of the Arkansas River from a gaining river to a losing river, and the subsequent accelerated movement 
of sulfate from surface waters to groundwater. With the aid of the conceptualization groundwater data model, a two-
layer transient MODFLOW model has been developed to simulate groundwater flow and sulfate transport in the 
region from 1959 to 2005. Correlation analysis between the distribution of the invasive salt cedar and the simulated 
groundwater salt concentration indicates that these hydrogeological changes at least partially account for the invasion 
of salt cedar, which is usually considered more salt tolerant.  The analysis results also illustrate the complexity of the 
interaction mechanisms between hydrological conditions and salt cedar distribution, and suggest the need for more 
studies in this field. 
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1. Introduction 
Across the world, aquifers are being overtapped to satisfy human’s ever increasing need for water.  
Groundwater withdrawals have been reported to exceed recharge in the U.S. Great Plains and 
California’s central valley, the valley of Mexico, parts of the Middle East and North Africa, much of 
China's Northern Plains, and parts of Southeast Asia [1,2].  Besides being over-tapped, the quality of 
groundwater has been deteriorating in many regions due to saline intrusion and pollutant contamination 
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from agricultural, industrial and other human activities, and it has even become toxic to humans in some 
cases [3]. 
Technology development has made it affordable to install a large number of high-capacity wells in 
the High Plains, especially from 1950’s through the mid-1980’s, and this has caused groundwater level to 
decline in many parts of the aquifer. The Upper Arkansas River Corridor in southwestern Kansas is one 
example. The Arkansas River flowing between southeastern Colorado and Southwestern Kansas is one of 
the most saline rivers in the United States. Before the large decline in groundwater level in the region, the 
Arkansas River was a gaining river along nearly all of its length in Southwestern Kansas, and the fresh 
baseflow reduced the river’s salinity level by dilution. With the decline in groundwater level, however, 
previous baseflow conditions have been reversed in part of the region, causing surface water with high 
salinity to recharge to groundwater instead [4].   
Since 1950’s, salt cedar has invaded many parts of the Upper Arkansas River corridor, which has been 
reported to be more salt tolerant than the native species. The significant change in hydro-geological flow 
regime could have some impacts on the local ecology such as the distribution of riparian phreatophyte. The 
objective of this study is to explore the impacts of groundwater salt intrusion on the distribution of salt 
cedar by correlation analysis between the two.  
2. Methodology 
2.1  Groundwater System Conceptualization 
The studied Upper Arkansas River Corridor groundwater system spans between the Bear Creek fault 
zone in Kearny County and the Crooked Creek-Fowler Fault zone in Ford County (Figure 1).  The study 
area is underlain by thick, layered, and unconsolidated deposits of Miocene and Pleistocene age, which in 
turn are underlain by bedrocks of Cretaceous Age. In addition, the floodplain of the Arkansas River is 
underlain by alluvium of late Pleistocene and Holocene age. The Holocene deposits consist of 1.5 to 3 
meters of clay, silt, and fine sand, while the underneath Pleistocene deposits are composed of coarse 
sand, gravel, cobbles, and thin beds of silt clay [5,6].  
The Upper Arkansas River Corridor groundwater system is conceptualized as a two-layer groundwater 
system with limited water exchange between the two layers. The top layer represents the unconfined 
alluvium aquifer beneath the Arkansas River bed, with specified-head boundaries on the east and west and 
no-flow boundaries on the north and south.  The second confined/unconfined Ogallala aquifer layer 
represents the deposits of Miocene and Pleistocene age.  Underlain by bedrock, this layer is enclosed by 
the time-varied specified-head boundaries except by the no-flow boundaries where the Ogallala aquifer is 
dry (Figure 1).  
 
Figure 1. Study Area 
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2.2 Storage of the Groundwater System Conceptual View 
Groundwater modeling requires processing a large amount of data available in various formats and 
from a variety of sources, many of which are spatially-referenced.  Capable of incorporating different 
spatial and non-spatial datasets, GIS has great potentials to work as a data management and integration 
platform for groundwater modeling. So far, GIS has been used primarily as a utility tool for data input, 
processing and visualization in groundwater modeling.  Recent development in spatial database 
technology has allowed GIS to assume a broader role in groundwater modeling. Spatial database allows 
the storage and management of both spatial and nonspatial attribute data in a single database management 
system [7].  It can potentially serve as the central data storage, structuring, and management mechanism 
for heterogeneous spatial and nonspatial datasets on the targeted groundwater system. 
A number of groundwater related data models have been developed [8,9,10].  Few of them are 
designed to capture the conceptual view of a groundwater system despite its fundamental role in 
groundwater modeling. To address the need, a new conceptualization groundwater data model (CGDM) 
has been developed, which represents a groundwater system as a series of aquifer layers with defined 
aquifer properties and water boundary conditions. Both aquifer properties and boundary conditions could 
be heterogeneous. A series of spatial and non-spatial objects as well as the relationships among them 
have been defined to represent the heterogeneity [11].  Built upon the CGDM, a relational geodatabase is 
created to store the two-layer conceptual view of the Upper Arkansas Corridor groundwater system, 
whose parameter values and data sources are listed in table 1.  
The conceptual view stored in the CGDM geodatabase can be translated into different numerical 
groundwater codes.  In this study, a transient MODFLOW model with a cell size of 230 m is first 
developed to simulate groundwater flow between 1959 and 2005.  MT3D is then used on the top of the 
groundwater flow model to simulate the transport of sulfate from the Arkansas River to groundwater 
during the period.  Both MODFLOW and MT3D are run within the PMWIN 5.0 environment [12]. 
Table 1  Parameters For The Upper Arkansas Corridor Groundwater Model 
Parameters Value/Source 
Recharge (m/d) KDHEa 
Alluvium Layer  
Horizontal Hydraulic Conductivity (m/d) 100 
Vertical Hydraulic Conductivity (m/d) 10 
Conductance – Arkansas River (m2/d) 200 
Conductance – Canals/Ditches (m2/d) 50 
Conductance – Other River Segments (m2/d) 20 
Specific Yield 0.14 
Vertical Leakance (1/d) 0.0005 
Top Elevation (m) USGSb 
Bottom Elevation (m) KGSc 
Longitudinal Dispersivity (m/d) 30 
Horizontal Transverse Dispersivity (m/d) 6 
Vertical Transverse Dispersivity (m/d) 0.3 
Ogallala Layer  
Hydraulic Conductivity (m/d) USGS 
Conductance – Canals/Ditches (m2/d) 50 
Conductance – Other River Segments (m2/d) 0.1 
Specific Yield USGS 
Well Pumping Rate (m3/d) KGS 
Top Elevation (m) KGS 
Bottom Elevation (m) KGS 
Longitudinal Dispersivity (m/d) 30 
Horizontal Transverse Dispersivity (m/d) 6 
Vertical Transverse Dispersivity (m/d) 1.5 
a. Kansas Department of Health and Environment; b. United States Geological Survey; c. Kansas Geological Survey 
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3.  Results and Discussion 
3.1 Sulfate Transport 
The transient MODFLOW model simulates groundwater flow in the region from 1959 to 2005. 
Comparison between the simulated hydraulic head from MODFLOW and the water level observations 
from the Kansas Geological Survey’s WIZARD database has shown that the annual average root means 
square error ranges from 3.7 m to 7.9 m. The Pearson correlation coefficient between the simulated and 
observed hydraulic head values each year is all around 0.99. Hence, the simulated groundwater flow 
regime can act as a reasonable basis for modeling salt transport in the region.  
Reference [13] describes the historical change in salt content of the Arkansas River. The general 
salinity level of the river has continued to increase since 1963, the starting year with continuous records 
on river water quality and discharge. Generally, sulfate concentration reaches a nearly constant maximum 
at flow less than 2.8 m3/d, and it decreases with increase in flow at flow greater than 2.8 m3/d. Sulfate 
concentration has ranged from 700 to 2,600 mg/l and averaged between 1,900 and 2,000 mg/l during the 
last couple of decades.  
The change in the groundwater-surface water interaction mechanism can affect the movement of salt 
from river waters.  On the top of the transient MODFLOW model, MT3D is used to simulate the 
movement of sulfate from surface water to groundwater from 1959 to 2005. Major sources of sulfate are 
the saline waters in Arkansas River and some irrigation canals in the region [13]. For simplification, it is 
assumed that sulfate concentration along the Arkansas River and irrigation canals is 1000 mg/l before 
1975 and 1800 mg/l afterwards, and the sulfate concentration in the remaining river segments is a 
constant of 100 mg/l.   
Figure 2 shows the simulated sulfate concentration in the alluvium layer in 2005.  As seen from the 
figure, the conversion of Arkansas River from a mostly gaining river to a losing river has expedited the 
migration of sulfate from surface water to groundwater in the region. While groundwater in the eastern part 
of the modeling domain keeps relatively fresh, the sulfate plume has expanded considerably in terms of 
extent and concentration where Arkansas River has turned into a losing river. 
 
Figure 2. Percentage of salt cedar within the survey blocks versus sulfate concentration in the alluvium layer in 2005 
3.2 Impacts of Salt Intrusion on Salt Cedar Invasion 
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Results from the sulfate transport model show that decades of substantial well pumping have led to 
significant changes in the hydrological conditions in the Upper Arkansas River Corridor region. These 
hydrological changes are expected to affect both the composition and function of the local ecological 
system.  One noticeable change in the region is the invasion of exotic species such as Salt Cedar along 
the Arkansas River.  
However, there are few systematic surveys on the extent of Salt Cedar expansion in the region. The 
most complete survey was conducted by Kansas Department of Agriculture using helicopter in 2004 and 
2005 [14]. This survey documents the occurrence of salt cedar adjacent to Arkansas River in nine 
counties (Hamilton, Kearny, Finney, Gray, Ford, Edwards, Pawnee, Barton, and Rice) in western and 
central Kansas. This survey is limited to the riparian region adjacent to the Arkansas River, and is 
completely within the boundary of the alluvium aquifer. 
Among the fifty-eight survey blocks falling within the study area, there are 9 survey blocks with size 
smaller than 30 hectare, and they are merged with adjacent survey blocks to make their size more 
comparable with the rest. The resulting 49 survey blocks range from 39 hectare to 182 hectare in size, 
with salt cedar covering 13% to 85% of the block (Figure 2).  
Based on simulated sulfate concentration by MT3D, the Arc GIS Spatial Analyst toolbar is used to 
calculate the average sulfate concentration in each survey block.  In 2005, average sulfate concentration 
by survey block ranges from 0 mg/l to 1,687 mg/l with a mean value of 1,021 mg/l in the alluvium layer. 
There is a moderately positive correlation between percentage of salt cedar and average sulfate 
concentration in each survey block. As circled in Figure 3, there is one survey block with 75% of salt 
cedar coverage but very low sulfate concentration in the Eastern Ford County.  If this survey block is 
excluded, the Pearson correlation coefficient between percentage of salt cedar and average sulfate 
concentration by survey block is 0.43 (Figure 3).  
 
 
Figure 3. Percentage of salt cedar versus average sulfate concentration in 2005 by survey block  
The alluvial groundwater provides essential water source for riparian forests’ survival.  Few regional 
studies have been conducted to study the relationship between riparian community and population 
structure in response to change in groundwater salinity. The observed positive correlation between 
percentage of salt cedar and average sulfate concentration in the alluvium layer is consistent with the 
findings from previous studies, which indicate salt cedar is more tolerant of salt stress than native species 
such as cottonwood [15,16,17]. Nevertheless, the correlation between percentage of salt cedar and sulfate 
concentration is not particularly strong. One important reason for this is that besides groundwater salinity, 
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there are other factors influencing the distribution of salt cedar, such as the extent, rate, and duration of 
groundwater fluctuation, plant age and size, soil properties, weather, and human activities such as salt 
cedar control and grazing [14, 18].   
4 Conclusion 
Over-exploitation of groundwater resources could lead to a significant drawdown in groundwater 
level and trigger a chain of hydrological and ecological impacts.  With the aid of CGDM, a transient two-
layer groundwater model has been developed to simulate sulfate transport from 1959 to 2005 in the 
Upper Arkansas corridor groundwater system. The simulation results show that decline in groundwater 
level has led part of Arkansas River to turn into a losing river, and consequently expedited the movement 
of sulfate from the river to groundwater. 
 Changes in these hydrological conditions have at least partially led to the replacement of native 
species by salt cedar, which is usually considered more salt tolerant.  Salt cedar has been reported to have 
many negative impacts to the local ecology such as displacement of native vegetation, deterioration of 
wildlife habitat, depletion of stream flow, increase of soil salinity as well as increase of forest fire 
frequency and magnitude.  There have not been many studies on the impacts of the human-induced 
changes in hydrological conditions on the composition and structure of the local ecosystem. Our study to 
explore the relationship between groundwater salt intrusion and salt cedar composition is an attempt in 
this direction. The revealed complexity in the relationship suggests the need for more studies in this field. 
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